Lymphatic vessels play an important role in health and in disease. In this study, we evaluated the effects of GSK3-β inhibition on lung lymphatic endothelial cells in vitro. Pharmacological inhibition and silencing of GSK3-β resulted in increased lymphangiogenesis of lung lymphatic endothelial cells. To investigate mechanisms of GSK3-β-mediated lymphangiogenesis, we interrogated the mammalian/mechanistic target of rapamycin pathway and found that inhibition of GSK3-β resulted in PTEN activation and subsequent decreased activation of AKT, leading to decreased p-P70S6kinase levels, indicating inhibition of the mTOR pathway. In addition, consistent with a negative role of GSK3-β in β-catenin stability through protein phosphorylation, we found that GSK3-β inhibition resulted in an increase in β-catenin levels. Simultaneous silencing of β-catenin and inhibition of GSK3-β demonstrated that β-catenin is required for GSK3-β-induced lymphangiogenesis.
Introduction
Lymphatic vessels play critical roles in health and disease by maintaining tissue homeostasis through their involvement in draining macromolecules and immune cell trafficking [1] . The role and importance of lymphatics in cancer biology, and the importance of blocking lymphangiogenesis in cancer metastasis have long been recognized (for review [2] ) High-throughput drug screens have identified compounds that would inhibit lymphangiogenesis [3] [4] [5] . However, the therapeutic benefit of stimulation of lymphatic vessel formation or function has more recently been recognized in heart [6] , lung [7] [8] [9] , and other solid organs (for review PLOS ONE | https://doi.org/10.1371/journal.pone.0213831 April 9, 2019 1 / 15 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 [10] ). Lymphangiogenesis is induced by a variety of growth factors, including vascular endothelial growth factor (VEGF)-C and VEGF-D which signal through their canonical receptor VEGF receptor (VEGFR)-3 (for review [11, 12] ). However, few compounds have been shown to induce lymphangiogenesis in vitro or in vivo [13, 14] . Glycogen synthase kinase (GSK)-3 is a kinase with wide biological roles [15] . Activated GSK3-β phosphorylates β-catenin, thereby targeting it for degradation [16] . Furthermore, GSK3-mediated phosphorylation activates tuberin which leads to inactivation of the mammalian/mechanistic target of rapamycin (mTOR) pathway [17] .
β-catenin has been shown to play important roles in lymphatic vessel patterning [18] , and that WNT ligands from myeloid cells are important for lymphatic vessel development [19] . More recent evidence demonstrates that β-catenin forms a complex with prospero homeobox protein 1 (PROX1), a master regulator of lymphatic lineage, to augment β-catenin signaling [20] . Intriguingly, however, LECs express less β-catenin than blood endothelial cells [21] . On the other hand, mTOR is a common pathway for many lymphangiogenic growth factors, and mTOR blockade results in inhibition of lymphangiogenesis [22] [23] [24] . In addition, rapamycin, an mTOR inhibitor, promotes VEGFR-3 degradation, decreasing LECs' ability to respond to lymphangiogenic growth factors [25] . Therefore, GSK3 inhibition could lead to lymphangiogenesis either by stabilizing β-catenin or through activation of the mTOR pathway.
Our laboratory and others have shown the importance of induction of lymphangiogenesis in lung disease [7, 9, 26, 27] . Using human lung lymphatic endothelial cells, the aim of our studies was to investigate the potential role of GSK3-β and to identify downstream pathways involved in the regulation of lymphangiogenesis in vitro. Our findings provide evidence that GSK3-β inhibition induces lymphangiogenesis through mTOR-independent and β-catenindependent pathways.
Materials and methods

Cells and reagents
Human lung microvascular endothelial cells from a single donor (HMVEC-L Cat # CC-2527, Lonza, Rockville, MD) were used for in vitro assays. Cells were maintained in microvascular cell culture media with growth supplements (Cell Applications Inc., San Diego, CA), unless stated otherwise. Cells were incubated at 37˚C in a humidified 5% CO 2 chamber. SB216763 (Sigma, St. Louis, MO) was reconstituted in DMSO and stored at -20˚C per manufacturer directions. SB216763 dosing for all experiments was 1μM unless stated otherwise. BRD3731, a novel selective inhibitor of GSK-3β, was generously provided by Dr. Florence Wagner (Broad Institute, Cambridge, MA) and was also reconstituted in DMSO. Control groups were treated with an equivalent amount of vehicle (DMSO).
Cell proliferation
Cells between passage 3 and 4 were seeded into wells of a 96 well plate at a density of 1000 cells per well and allowed to incubate in 100 μL of full culture media for 24 hours. The culture media was then replaced with microvascular endothelial cell basal media without growth supplements overnight. Following starvation, cells were treated with basal media supplemented with 1% FBS and either DMSO (vehicle) or SB216763. The optimal dosing of SB216763 after dose titration experiments was 1μM. Cell proliferation was determined using CyQuant™NF assay kit (Invitrogen, Carlsbad, CA) per the manufacturer instructions. Fluorescence intensity was determined using a Biotek Synergy HT microplate reader (Biotek, Winooski, VT). 
Matrigel tubulation
Growth factor reduced Matrigel (Corning, Corning, NY) was used for all tubulation experiments [28] . As per manufacturer protocol, 289 μL of Matrigel was placed in wells of a 24 well plate followed by incubation at 37˚C for 1 hour to prepare the matrix. Cells were seeded at a density of 1.2 X10 5 cells per well in 300 μL of basal media with SB216763 1 μM or an equivalent amount of DMSO. Cells were incubated for 16-18 hours followed by aspiration of the media without disturbing the Matrigel. Wells were gently washed twice with HBSS 1X twice followed by incubation with Calcein-AM 8μg/ml) in HBSS 1X for 30 minutes. Wells were then washed twice with HBSS 1X. 5-10 non-overlapping 4X fluorescent images were obtained using a Nikon Eclipse TS110 microscope and Nikon DS-Ri2 camera. Images were analyzed using ImageJ (NIH, Bethesda, MD) and a previously designed Angiogenesis Analyzer plug-in [29] . Data used for analysis, including number of meshes and total mesh, are per image.
Immunoblotting
Cells were incubated in 100 mm dishes in full cell culture media until 70% confluent. Full culture media was then replaced with basal media without growth supplements and incubated overnight. Cells were then treated with basal media supplemented with 1% FBS and either SB216763 1μM or an equivalent amount of DMSO. After 48 hours, cells were washed with sterile PBS and protein lysates were harvested with RIPA Buffer. Proteins were separated on NuPAGE Bis-Tris 4-12% gels (Thermo Fisher Scientific, Waltham, MA) and transferred to a nitrocellulose membrane, which was then exposed to the indicated primary antibodies (Table 1) . Each protein of interest was then detected with HRP-conjugated goat anti-rabbit or 
RNA interference
Predesigned siRNA targeting GSK-3β, β-Catenin, and Mission siRNA Universal Negative Control were obtained from Sigma (sequences for GSK-3β and β-Catenin siRNA can be found in Table 2 ). Transfection was performed using a 6nM concentration of siRNA in Lipofectamine RNAiMAX (Thermo Fisher Scientific). Transfection media containing SiRNA, Lipofectamine, and Opti-MEM (Thermo Fisher Scientific) was removed 6 hours following initial transfection and replaced with full cell culture media. Cells were incubated for a total of 48 hours after initial transfection and were subsequently harvested for protein collection or counted and placed on Matrigel for evaluation of tubulation as described above. Similarly, protein lysates were prepared, and immunoblotting performed as described above. Primary antibodies against phospho-β-catenin (Ser33/37/Thr41), β-catenin, GSK3-β, phospho P70S6K (Thr 389), Total P70S6K, phospho-PTEN (T366), PTEN, and β-Actin (Table 1) 
Statistical analysis
Cell proliferation, migration, tubulation, and immunoblotting experiments to evaluate the effects of SB216763 were repeated at least three times as were the immunoblotting experiments using BRD3731. Genetic knockdown experiments evaluating the effects of GSK-3β and β-Catenin siRNA on Matrigel tubulation were repeated twice. Data are expressed as means (± SEM). Statistical significance between groups was determined by a p value less than 0.05 using t test or ANOVA. Data analysis was conducted using Graphpad Prism 7 (GraphPad Software Inc., San Diego, CA).
Results
Treatment with SB216763 induces lymphatic endothelial cell proliferation, migration and network formation in vitro
To examine the effects of GSK3 inhibition on LEC proliferation, migration and tube formation in vitro, we first performed concentration-and time-response curves and determined that a concentration of 1μM at 48h is optimal dose and time for evaluation of the effects of SB216763 on lung lymphatic endothelial cells (Fig 1A and 1B) . SB216763 induced LEC proliferation as measured using a cell permeant DNA-binding fluorescent dye (Fig 2A) . We next, tested the effects of SB216763 on LEC migration. There was a modest but significant increase in LEC migration in a Boyden chamber ( Fig 2B) . Next, we examined the effects of SB216763 on LEC 
network formation in Matrigel. SB216763 (1μM) promoted a~4-fold increase in tube formation as measured by the number of meshes or mesh area compared to vehicle control (Fig 2C,  2D and 2E ). Taken together, these data support our hypothesis that an inhibitor of GSK3 enhanced all aspects of LEC behavior characteristic of lymphangiogenesis in vitro. Treatment with SB216763 results in inactivation of the mTOR pathway in vitro GSK3-β has been shown to phosphorylate tuberin, leading to inactivation of the mTOR pathway [17] . To test the hypothesis that GSK3 inhibition leads to enhanced lymphangiogenesis in vitro through activation of the mTORC1 pathway, LECs were incubated with SB216763 (1μM) and resulting effects on the mTORC1 pathway were evaluated by immunoblotting for pP70S6Kinase. Surprisingly, and contrary to previously published data in HEK293 cells [17] , we found that inhibition of GSK3 in LECs resulted in decreased p-P70S6K, suggesting inhibition of the mTOR pathway (Fig 3A and 3B) . The mTOR pathway and its complex regulatory molecules have been extensively studied [30] . Phosphatase and tensin homolog (PTEN) regulates AKT which in turn regulates phospho-S6 [30] . To investigate mechanisms of GSK3-induced inhibition of mTOR, we evaluated the effects of SB216763 on AKT and PTEN activation. We found that treatment resulted in decreased phosphorylation of PTEN at residue T366, a phosphorylation site which tags PTEN for degradation [31] . The SB216763-induced dephosphorylation of T366 results in increased PTEN levels (Fig 2C, 2D and 2E ). These effects of GSK3 inhibition on PTEN resulted in decreased phosphorylation and inactivation of AKT (Fig 3F and 3G) , with its known inhibitory effects on activation of the mTOR pathway [30, 32] . Taken together our data show that the observed effects on the mTOR pathway are driven by the effects of SB216763 on PTEN and its downstream targets (Fig 3F and 3G) .
Fig 2. GSK3 inhibition induces proliferation, migration and network formation of primary human lung lymphatic endothelial cells. A) Primary human lung
LECs in 1% FBS were incubated with SB216763 (1μM) or vehicle (DMSO) alone. Cell proliferation was determined at 48h after treatment using CyQUANT assay (A). Effect of SB216763 (1μM) on the migration of primary LECs was evaluated in transwell migration assays (B). Effect of SB216763 (1μM) on tube formation of primary LECs. An equal number of LECs were seeded onto growth factor-reduced Matrigel at a density of 1.2x10 4 cells/well and incubated with either SB216763 (1μM) or vehicle alone (DMSO). After 16 hours, cells were labeled with Calcein-AM and random 4X fluorescent images were taken (C) and the number of meshes (D) and mesh area (E) per image were determined using ImageJ (NIH) Angiogenesis Analyzer plugin. Results are expressed as fold change compared to vehicle control. Data represent Mean ± SEM of a single experiment. All experiments were repeated a minimum of three times.
� P < 0.05, �� P < 0.01, ��� P < 0.001 by ttest.
Fig 3. GSK3 inhibition resulted in inactivation of the mTOR pathway in primary lung lymphatic endothelial cells. Primary lung lymphatic endothelial cells
were treated with either SB216763 (1μM) or vehicle control (DMSO) for 48h. Equal amounts of protein from whole cell lysates were analyzed by Western blotting with antibodies against phosphorylated and total P70S6kinase (A), phosphorylated and total PTEN (C), phosphorylated and total Akt (F) and β-actin. Ratio of phophospho-P70S6kinase and total P70S6Kinase (B), phosphorylated and total PTEN (D), and total PTEN/ β-actin (E) and phospho-AKT and total AKT (G), expressed as the fold-change relative to unstimulated control. Data represent means ± SEM of three independent experiments. � P < 0.05, �� P < 0.01, ��� P < 0.001 by t-test.
Treatment with SB216763 prevents β-catenin phosphorylation and induces its stabilization
β-catenin is a direct phosphorylation target of GSK [33] , and inhibition of GSK3-β results in decreased phosphorylation and stabilization of β-catenin [34] . To examine the effects of SB216763 on β-catenin in LECs, LECs were treated with either SB216763 (1μM) or vehicle control. Treatment with SB216763 resulted in decreased phosphorylation of β-catenin and increased protein levels (Fig 4A, 4B and 4C) , suggesting that the effects of GSK3-β on lymphangiogenesis in vitro are driven by increased β-catenin stability.
Effects of GSK-3β inhibition on mTORC1 and β-catenin pathways are dependent on its kinase activity
SB216763 is a potent inhibitor of GSK3-β, but equipotently inhibits its paralog GSK3-α [35] . SB216763 inhibits the kinase activity of GSK3, and recent reports suggest a different potential mechanism of action related to re-arrangement of cellular distribution of GSK3-β [36] . To examine the hypothesis that the effects of SB216763 on the mTORC1 and β-catenin pathways are due to the selective inhibition of GSK3-β and its kinase activity, we used BRD3731, a newly developed paralog selective GSK3-β kinase inhibitor, which has~6-fold selectivity to GSK3-β compared to GSK3-α [37] . Treatment with BRD3731 resulted in decreased activation of the mTOR pathway (Fig 5A) , decreased phosphorylation and increased PTEN levels (Fig 5B) , decreased phosphorylation of β-catenin and increased β-catenin stability (Fig 5C) . Taken together, these data demonstrate that inhibition of GSK3-β kinase activity in LECs results in enhanced β-catenin levels and decreased activation of the mTOR pathway.
Effects of silencing GSK3-β on LEC network formation in vitro
Finally, and to confirm the effects of GSK3-β inhibition on lung LECs, we used small interference RNA to silence GSK3-β. Silencing GSK3-β resulted in decreased activation of the mTOR pathway as demonstrated by decreased p-P70S6K and p-PTEN (Fig 6A) , as well as decreased phosphorylation of β-catenin with an increase in its stability (Fig 6B) .
To directly study the effects of GSK3-β on LEC network formation in vitro, we silenced GSK3-β using small interference RNA which resulted in~65% reduction in GSK3-β but no change in GSK3-α levels (Fig 7A) . Silencing GSK3-β resulted in increased mesh formation in Matrigel assay (Fig 7B) , demonstrating that with genetic manipulation that GSK3-β is an important regulatory pathway in lung LECs and recapitulating the pharmacological modulation results above.
Silencing β-catenin abrogates the effects of GSK3-β inhibition on LEC network formation in vitro
To determine if GSK3-β inhibition drives lymphangiogenesis through β-catenin-dependent pathways, we silenced β-catenin with small interference RNA, causing subsequent decrease in β-catenin levels (Fig 8A) . Cells treated with β-catenin siRNA failed to respond to GSK3-β inhibition (SB216763 1μM) as compared to the vehicle or control siRNA-treated lung LECs (Fig  8B and 8C) . Taken together, these data show that in vitro, GSK3-β-inhibition drives lymphangiogenesis through β-catenin-dependent pathways. Silencing GSK3-β promotes lymphatic network formation in vitro. Lung lymphatic endothelial cells were treated with vehicle (lipofectamine), or transfected with control scrambled siRNA (control siRNA) or GSK3-β siRNA for 48 hours. Equal amounts of protein from whole cell lysates were analyzed by western blotting with antibodies against GSK3-β, GSK3-α and β-actin (A). LECs were treated with either lipofectamine, control siRNA or GSK3-β siRNA for 48h were placed on Matrigel at a density of 1.2x10 4 cells/well for 16h. Cells were labeled with Calcein-AM. Random 4X images were then obtained (B) and mesh area analyzed with ImageJ Angiogenesis Analyzer plugin (C). Results are expressed as mean ± SEM for one experiment.
� P <0.05 by one-way ANOVA. Experiment was repeated once.
Discussion
Lymphatic vessels are essential for maintenance of tissue homeostasis, and if compromised can result in profound changes in tissue edema, immune cell trafficking and fibrosis [6-8, 26, 27] . Few known stimulators of lymphangiogenesis have been described to date. Our results provide new insights on the role of GSK3-β as a regulator of lymphangiogenesis. We have shown that GSK3-β inhibition resulted in increased LEC migration and proliferation and enhanced tubulation in vitro, all characteristics of lymphangiogenesis. In addition, we have shown that these effects are dependent on the β-catenin pathway and occur despite an apparent downregulation of the mTOR pathway (Fig 9) .
Pharmacological inhibition of GSK3-β with SB216763 significantly induced LEC migration, proliferation and, more impressively, tubulation in vitro. The specificity of this compound for GSK3-β and its lack of effects on GSK3-α [38] is unclear and therefore we confirmed our results with a novel inhibitor recently shown to selectively block GSK3-β and not GSK3-α kinase activity [37] . Furthermore, siRNA-induced silencing of GSK3-β showed similar effects on LEC network formation in vitro. To ascertain that interference with GSK3-β activity would lead to lymphangiogenesis through β-catenin dependent pathways, LECs were subjected to siRNA-mediated silencing of β-catenin. This resulted in loss of response to the stimulatory effects of pharmacological inhibition of GSK3-β. These results highlight the importance of β-catenin in lymphangiogenesis in vitro.
Our findings contrast with previous reports on the effects of lithium chloride a commonly used and non-specific GSK3-β inhibitor on lymphangiogenesis in vivo [39] . However, inhibition of lymphangiogenesis was attributed to the effects of lithium chloride on cancer cell production of TGF-β. The direct effects of GSK3-β-inhibition on LECs independently of TGF-β were not studied.
To investigate mechanisms of lymphangiogenesis driven by GSK3-β inhibition, we also interrogated the mTOR pathway. GSK3-β has previously been shown to phosphorylate PTEN at residue Ser362 and Thr366 [40] . Phosphorylation at residue 366 is destabilizing, resulting in decreased PTEN levels [31] . Here we found that GSK3-β inhibition led to PTEN dephosphorylation at residue T366 and its subsequent stabilization, with downstream inactivation of AKT and pS6Kinase. The effects of GSK3-β on the mTOR pathway are controversial, with one study showing that GSK3-β negatively regulates the mTOR pathway [17] , and another demonstrating that GSK3 positively regulated S6Kinase [41] . These effects could therefore be cell type- Lung lymphatic endothelial cells were treated with vehicle (lipofectamine), or transfected with control scrambled siRNA (control siRNA) or β-catenin siRNA for 48h. Equal amounts of protein from whole cell lysates were analyzed by western blotting with antibodies against β-catenin and β-actin (A). LECs were treated with either lipofectamine, control siRNA or β-catenin siRNA for 48h were placed on Matrigel at a density of 1.2X10 4 cells/well for 16h and then treated with vehicle (DMSO) or SB216763 (1μM). Cells were then labeled with Calcein-AM (8μg/ml). Random 4X images were then obtained (B) and mesh area analyzed with ImageJ Angiogenesis Analyzer plugin (C). Results are expressed as mean ± SEM for one experiment.
� P <0.05 by t-test between same group. Experiment was repeated once.
specific. Regardless, these effects on the mTOR pathway were surprising since mTOR is a known downstream target of many lymphangiogenic growth factors and rapamycin is a potent inhibitor of lymphangiogenesis [22] [23] [24] [25] . GSK3-β is ubiquitously expressed, with extensive targets [42] ; thus, systemic delivery would therefore result in unwanted adverse effects and concerns over malignancy driven by its activation of the β-catenin pathway. Local delivery either through hydrogels, nanoparticles or antibodies directly targeting cell surface receptors of LEC could be of potential therapeutic benefits, and in the case of lung disease, consideration could be given to airway delivery leading to local deposition in the lung parenchyma [43] .
To conclude, in this study, GSK3-β has been shown to regulate lymphangiogenesis. Inhibition of GSK3-β with a small molecule or with siRNA induced lymphangiogenesis through β-catenin-dependent pathways. Pre-clinical studies targeting this pathway are necessary to establish the merit of this strategy in vivo. 
